BACKGROUND: CYP7A1 (cholesterol 7α-hydroxylase) catalyzes the rate-limiting step in bile acid biosynthesis from cholesterol-a main pathway for cholesterol removal from the body. CYP7A1 single-nucleotide polymorphisms (SNPs) are associated with total cholesterol and LDL (low-density lipoprotein) levels, risk of cardiovascular diseases, and other phenotypes; however, results are inconsistent, and causative variants remain uncertain, except for a frequent promoter SNP (rs3808607).
C YP7A1 (cholesterol 7α-hydroxylase) is the first and rate-limiting enzyme in bile acid biosynthesis from cholesterol 1 -a principal cholesterol removal pathway in the body. CYP7A1 is tightly regulated by bile acids, lipids, and transcription factors, all critical to cholesterol catabolism and bile acid homeostasis, thereby regulating lipids, glucose, and energy metabolism. 1 In genome-wide association studies (GWAS), CYP7A1 single-nucleotide polymorphisms (SNPs) associate with total cholesterol and LDL (lowdensity lipoprotein) levels, 2,3 gallstone diseases, 4 and blood deoxycholic acid. 5 Candidate gene studies also reveal associations between CYP7A1 and total cholesterol and triglyceride levels, 6, 7 response to statins, [8] [9] [10] atherosclerosis, 11 ischemic stroke, 12 hypertension, 13 coronary artery disease (CAD), 14 colorectal cancer, 15 biliary cirrhosis, 16 gallbladder cancer, 17 diabetes mellitus, 5 and antituberculosis drug-induced hepatotoxicity. 18 These associations highlight the biological relevance of cholesterol-bile acid homeostasis, with apparently opposite effects of CYP7A1 activity on CAD and diabetes mellitus.
In contrast to numerous reported CYP7A1 associations, causative genetic variants and underlying mechanisms remain only partially understood. Multiple studies [7] [8] [9] [11] [12] [13] 15, 17, 19 implicate a frequent CYP7A1 promoter SNP, rs3808607, with the G allele shown to exhibit higher transcriptional activity than the T allele in reporter gene assays. 6, 16 However, increased promoter activity of the rs3808607 G allele is inconsistent with expected phenotypic results in CYP7A1 association studies. For example, the rs3808607G allele is associated with higher lipid levels, 7, 8, 19 increased risk of atherosclerosis, 11 and protection against colorectal cancer, 15 results expected for low CYP7A1 activity. Moreover, rs3808607 fails to show a GWAS-significant association with lipids (P=6×10 −6 ) 2 ; rather, SNPs near the 3′ end of CYP7A1 are significant 2, 3 (rs2081687, P=2×10 −12 ; imputed rs983812, P=1.8×10 −12 ; GRASP (Genome-wide Repository of Associations Between SNPs and Phenotypes) search: http://apps.nhlbi.nih.gov/grasp; Table I in the Data  Supplement) . Furthermore, a metabolomics study identifies SNP rs8192870 as more significantly associated with blood deoxycholic acid levels than promoter rs3808607. 5 These results indicate that either rs3808607 is not the causative variant in vivo, or >1 functional variant regulates CYP7A1 expression.
A high linkage disequilibrium (LD) block carrying rs3808607 extends from a distal promoter to intron 2 (≈7 kb) in all HapMap (Haplotype Map Project) populations. 20 High LD between multiple CYP7A1 SNPs confounds detection of causative SNPs in association studies. To identify regulatory CYP7A1 regions and their interactions, we used chromatin conformation capture assays (4C), followed by CRISPR (clustered regularly interspaced short palindromic repeats)-mediated genome editing. We then screened for SNPs located in regulatory regions, testing effects on hepatic CYP7A1 expression by measuring mRNA allelic expression imbalance (AEI). This approach revealed a novel CYP7A1 enhancer and a repressor region and identified a potent enhancer SNP, rs9297994. Interactions between rs9297994 and promoter rs3808607 robustly determine CYP7A1 mRNA expression in human livers. Moreover, a 2-SNP model (rs9297994/rs3808607) is associated with total cholesterol and LDL levels, statin response, and risk of CAD and diabetes mellitus in several clinical cohorts.
MATERIALSS AND METHODS
The study materials are available from D.W. on request. Datasets supporting the conclusions of this article are available in the the Database of Genotypes and Phenotypes repository as shown at the end of Methods in the Data Supplement.
The Institutional Review Committee at OSU approved the study of human tissue and use of clinical data.
Detailed experimental procedures are available in Methods in the Data Supplement.
RESULTS
The authors declare that all supporting data are available within the article and its Data Supplement.
4C Chromatin Conformation Analysis Identified Regions Interacting With the CYP7A1 Promoter
With the CYP7A1 promoter as an anchor, 4C assays in human hepatocytes as described 21 identified 3 clusters of 4C signals 13 to 28 kb downstream of the CYP7A1 promoter (3-18 kb downstream of 3′ UTR [3' untranslated region]), namely R1, R2, and R3 (Figure 1A and  1B; Table II in the Data Supplement). R1 and R3 span ≈1 kb, whereas R2 spans 4 kb. Judging by histone marks, we divided R2 into 2 subregions, R2a and R2b, separated by 2 kb ( Figure 1B ). All regions overlapped with H3K4me1 (histone H3 monomethylation at lysine 4) and H3K27ac (histone H3 acetylation at lysine 27) histone marks indicative of active enhancers 22 ( Figure I in the Data Supplement). R2 also overlapped with a p300 (histone acetyltransferase P300 protein) ChIP-seq (chromatin immunoprecipitation followed by sequencing) signal, indicative of enhancer elements. The results of chromatin immunoprecipitation quantitative PCR performed with a p300 (histone acetyltransferase P300) antibody in hepatocytes suggest p300 interactions with all 3 regions, with R2 and R3 displaying stronger signals than R1 (21- 
CRISPR-Mediated Genome Editing Reveals Novel Enhancer and Repressor Regions of CYP7A1
To delete genomic regions in live hepatocellular carcinoma cell line cells, we used the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat-associated 9) system by delivering 2 guide RNAs simultaneously with a lentiviral-based vector (Lenti-CRISPRV2). 21 For each region/subregion, we designed 1 or 2 sets of guide RNAs at the 5′ and 3′ sides bracketing the regulatory regions (Table III in the Data Supplement for gRNA sequences), deleting 700 to 1000 bp. Each gRNA combination yielded 50% to 70% deletion as determined with an agarose gel analysis after polymerase chain reaction amplification ( Figure III in the Data Supplement). Contrary to the no-target control gRNA 23 (Table III in the Data Supplement), the deletion of R1 did not change the expression of CYP7A1 mRNA, whereas the deletion of R2a, and more strongly R2b, decreased CYP7A1 expression ( Figure 1D ; Figure IV in the Data Supplement). In contrast, the deletion of R3 increased the expression of CYP7A1. These results indicate that R2 serves as an enhancer and R3 a repressor for CYP7A1 in hepatocellular carcinoma cell line cells.
Characterizing Regulatory Regions/SNPs Using Reporter Gene Assays
DNA fragments (≈1000 bp) surrounding R2a, R2b, and R3 were cloned into a reporter gene vector containing a minimal promoter (pGL4.23; see Table III in the Data Supplement for primer sequences and cloning sites). Compared with the empty vector control, R2a increased luciferase activity, whereas R3 reduced activity (Figure 2A ), consistent with CRISPR-mediated deletion effects ( Figure 1D ). In contrast, the R2b fragment alone did not alter reporter activity (Figure 2A ), despite strongly reducing CYP7A1 expression after CRISPR deletion ( Figure 1D ). Reconciling this discrepancy, a DNA fragment containing both R2a and R2b (≈3.2 kb) further enhanced luciferase activity 4-fold over R2a alone, indicating that the entire R2 region is required for robust enhancer activity.
We then searched for regulatory SNPs located within R2 and R3. Among candidate SNPs, we focused on rs9297994 A>G 24 -a top GWAS hit for CYP7A1 (Table I in the Data Supplement)-and SNPs in high LD, including rs10107182 T>C and rs4738684 G>A in R2 and rs10504255 A>G in R3. R2a and R2b reporter constructs were generated containing rs9297994, rs10107182, and rs4738684. We tested 3 haplotypes harboring different combinations of rs9297994, rs10107187, and rs4738684 to identify the causal variant. Shown in Figure 2B , haplotypes H2 and H3 containing variant G alleles of rs9297994 have lower enhancer activity than the reference A allele (haplotype H1), whereas haplotypes containing different alleles for rs10107182 or rs4738684 have similar levels of enhancer activity (H2 versus H3). Furthermore, R3 harboring the rs10504255 reference A or variant G alleles failed to differ in terms of repressor activity ( Figure 2C) .
The rs3808607 minor G allele has higher transcriptional regulatory activity than the T allele. 6, 16 The highactivity promoter rs3808607 G allele is in high LD with the low-activity enhancer rs9297994 G allele (R 2 =0.715; D′=0.954) but with a different minor allele frequency (0.43 versus 0.37) in Europeans. To test the combined effects of rs3808607 and rs9297994, we joined the R2a and R2b enhancer fragment to the 5′ end of the CYP7A1 promoter fragment and tested pGL3 reporter activity in the presence and absence of chenodeoxycholic acid-a regulator of CYP7A1 expression. As expected, the reporter gene activity was the strongest with a fragment combining enhancer rs9294994 A with promoter rs3808607 G (both high-activity alleles) and the lowest with G plus T alleles (both low-activity alleles).
Chenodeoxycholic acid treatment further reduced reporter gene expression, consistent with a negative feedback ( Figure 2D ). The effects of chenodeoxycholic acid did not differ between genotypes (P>0.05), suggesting that genotype does not interact with bile acida main regulator of hepatic CYP7A1.
Combined Effect of Promoter rs3808607 and Enhancer rs9297994 SNPs on CYP7A1 mRNA Expression in Human Livers
To test in vivo effects of rs9297994 and rs3808607 on CYP7A1 expression, we measured the hepatic mRNA allelic RNA expression imbalance (AEI) 25 in 50 samples heterozygous for a frequent marker SNP, rs8192879, located in the CYP7A1 3′ untranslated region. Fifty percent of tested samples displayed AEI (allelic RNA ratio, >1.3-fold, compared with DNA ratio, P<0.05), evidence for the presence of frequent regulatory variants. Consistent with reporter gene assay results, of 33 SNPs genotyped (Table IV in showed a moderate association (kappa=0.45). Except for 2 samples (marked by arrow, both are from blacks), all AEI-positive samples are heterozygous for rs9297994 ( Figure 3A ). All samples heterozygous for rs9297994 are also heterozygous for rs3808607, with the exception of 2 samples ( Figure 3A , marked by #). This result indicates enhancer SNP rs9297994 had the strongest impact on CYP7A1 expression, while no SNP alone completely accounts for the AEI pattern, supporting the presence of >1 regulatory variant. Moreover, the result also suggests the presence of functional variants unique to blacks.
To assess individual and combined effects of rs9297994 and rs3808607 on CYP7A1 mRNA expression, we tested the association between CYP7A1 mRNA levels and the total number of reduced activity alleles rs3808607T and rs9297994G alone or in combination, in 83 human livers. Both rs3808607 and rs9297994 alone were significantly associated with CYP7A1 mRNA levels (P=0.027 and P=0.003, respectively), with each reduced activity allele accounting for a 2.9-and 5.5-fold reduction in mRNA level, respectively ( Figure 3B and 3C ). As expected, the combination of rs3808607 and rs9297994 (2-SNP model, total number of reduced activity alleles ranging from 0 to 4) profoundly affected CYP7A1 mRNA levels, with each reduced activity allele resulting in a 6.9-fold reduction in CYP7A1 mRNA ( Figure 3D ; no subject had 4 reduced activity alleles), higher than the attributable reduction of either allele when analyzing the 2 SNPs separately.
The mRNA levels differed by 2.5 orders of magnitude between livers with 0 versus 3 reduced activity alleles, but the number of livers with 0 and 3 reduced activity alleles was low (2 and 7, respectively), limiting the ability to estimate mRNA expression range accurately. Nevertheless, these results demonstrate that rs3808607/rs9297994 profoundly affects hepatic CYP7A1 expression.
Association of rs3808607 and rs9297994 With Clinical Phenotypes in the OSU CAD Cohort
To test the association between CYP7A1 SNPs and lipid levels, we genotyped rs3808607 and rs9297994 in a cohort of 485 subjects with diagnosed cardiovascular disease, having ≥75% angiographic luminal stenosis (newly diagnosed or established), requiring percutaneous coronary intervention 26 (cohort demographics are provided in Table Va in the Data Supplement). Over 80% of individuals have 2 copies of reduced activity alleles, the remainder carrying 0 or >2 reduced activity alleles. We divided patients into 2 groups: high activity, subjects carrying 0 or 1 reduced activity allele; and low activity, subjects carrying ≥2 reduced activity alleles. Shown in Table 1 , a high-activity CYP7A1 status is associated with lower levels of total cholesterol (P=0.05) and LDL (P=0.04) when compared with a low activity status, after adjusting for age, diabetes mellitus, tobacco use, sex, race, statin use, and interaction between statin use and CYP7A1 activity status. A portion of patients (n=196) was on statins (atorvastatin, lovastatin, simvastatin, fluvastatin, pravastatin, and rosuvastatin), with doses titrated to reach an optimal cholesterol target goal as described. 27 Of the 196 patients, 33% (63 of 196) did not reach the target cholesterol goal. High-activity CYP7A1 status is associated with reduced likelihood to reach cholesterol target goal with statin treatment compared with low-activity status (95% CI, 0.18-0.99; P=0.05; Table 1), after adjusting for statin dose, tobacco use, diabetes mellitus, hypertension, and sex. In contrast, rs3808607 or rs9297994 alone were not significantly associated with lipid levels and reaching statin target goal (P>0.05; Table 1 ).
Association of rs3808607 and rs9297994 With Clinical Phenotypes in CATHGEN and Framingham Cohorts
CATHGEN supports the investigation of genes associated with coronary heart disease and related disorders. We downloaded the rs3808607 genotype data from the Database of Genotypes and Phenotypes; with rs9297994 data not available, rs10504255 served as a surrogate marker (D′=1; R 2 =0.885 in Europeans). We again applied the 2-SNP model, grouping individuals into high-and low-activity groups based on the number of reduced activity CYP7A1 alleles (0-1 versus ≥2). Significantly more myocardial infarction (MI) and death cases, higher Coronary Artery Disease Index (CADINDEX) values, and significantly less hypertensive and diabetics cases occurred in the low-activity group than the high-activity group (Table Vb in the Data Supplement). Because the low-activity group included more men, nonwhites, and slightly older individuals (Table Vb in the Data Supplement), age, sex, race, and other comorbidities were included as covariates.
The CADINDEX score incorporated coronary angiographic data representing the extent and anatomic distribution of CAD, with scores >23 considered clinically significant. 28 The high activity status of CYP7A1 was associated with a 44% lower likelihood of having a significant CADINDEX score (95% CI, 0.42-0.76; P<0.0001) and a 42% reduction in MI risk (95% CI, 0.41-0.81; P=0.05), after adjusting for age, body mass index, hypertension, diabetes mellitus, race, sex, and smoking (Table 2) . Moreover, the number of reduced activity alleles was associated with increased odds of the presence of >2 diseased vessels in whites in CATH-GEN cohort (P=0.01).
We also tested the 2-SNP model in the Framingham Heart Study cohort-a longitudinal family study Table 2) . Consistent with the OSU CAD results, associations between the CYP7A1 genotype and clinical phenotypes are only apparent when using the 2-SNP model but not when testing each SNP alone, except for hypertension (Table 2) .
DISCUSSION
Investigating regulatory CYP7A1 regions in human liver and hepatocytes, we identified 3 downstream domains (R2a, R2b, and R3) that bind to the CYP7A1 promoter and regulate transcriptional activity in the liver over a range exceeding 2 orders of magnitude. Embedded in domain R2b, a novel enhancer SNP rs9297994 A>G (MAF, 0.34) profoundly reduced hepatic CYP7A1 mRNA expression. Because the rs9297994 G allele is in high LD (in Europeans) with the minor G allele of promoter rs3308607 T>G (MAF, 0.43), the opposing effects of each minor allele contradicted previous interpretations of clinical association studies. Accurate assessments of CYP7A1's genetic influence require the interpretation of combined effects attributable to both rs9297994 and rs3808607 (2-SNP model), which occur at different frequencies in different ethnic populations. Testing the effect of the total copy number of reduced activity alleles per subject (possible range from 0 to 4 copies of rs3808607 T and rs9297994 G), we found significant associations with total cholesterol and LDL levels, statin response in OSU CAD cohorts, risk of CAD, and diabetes mellitus in public clinical white cohorts (eg, CATH-GEN and Framingham). Similarly, previous SNP analyses in GWAS have reported associations between lipid levels and CYP7A1 SNPs but have failed to detect significant associations with cardiovascular disease traits, highlighting the need to consider interactions when >1 causative variant is present in a gene locus. The finding adds to a list of genes, including CYP2D6, CETP, CHR-NA5, NAT1, and DRD2, 25, [29] [30] [31] [32] that harbor >1 frequent variant regulating expression and function, likely under evolutionary selection pressures to cope with environmental changes or disease risk.
Regulatory Domains of CYP7A1
We have identified 3 domains (R1-R3) that physically interact with the CYP7A1 promoter, located downstream of the transcribed region. Although any possible R1 effect was undetectable, R2 displayed robust enhancer activity, and R3 appeared to repress CYP7A expression, in our in vitro model. R2 consists of 2 candidate enhancer regions (R2a and R2b), each ≈1 kb in length, separated by 2 kb. Reporter gene assays indicated that both regions interacted with each other and together, strongly affecting transcription when inserted jointly into the reporter vector, suggesting the entire ≈4 kb R2 region is required for full enhancer activity. Together with the nearby repressor region R3, this ≈8 kb DNA downstream region appears to serve as a main regulatory switch for CYP7A1 expression, harboring many SNPs in high LD with each other.
Discovery of a Robust Regulatory Variant in Enhancer Domain R2b
To search for regulatory variants, we measured RNA AEI in human livers-a powerful approach for identifying cis-regulatory variants, 25, 26 canceling out trans-acting effects. Regulatory variants in addition to the known promoter rs3808607 SNP can generate complex AEI patterns. With 50% of livers tested displaying AEI (Figure 3A) , scanning 33 candidate SNPs reveals 3 SNPs in high LD (rs9297994, rs10107182, and rs10504255) having the highest AEI association score, 2 located in R2b and 1 in R3. RNA AEI ratios of major over minor alleles >1 indicated a lower expression of the minor allele, consistent with reporter gene assays showing that minor allele rs9297994 G reduced enhancer activity by ≈50%. We concluded that rs9297994 decreases hepatic mRNA expression.
Large and frequent LD blocks across the CYP7A1 gene locus are likely a result of evolutionary selection pressures, 33 with the minor rs9297994 G allele (MAF, 0.37) on an LD block distinct to that of the minor rs3808607 G allele (MAF, 0.43), which has been shown to enhance CYP7A1 expression. Therefore, most individuals carrying 1 variant are also carrying the other variant with opposing effects on mRNA expression, thereby largely canceling each other out. Whereas reduced activity of the enhancer rs9297994 G allele seemed to dominate the effect of the promoter rs3808607 G allele, variability in the net AEI mRNA ratios in the liver suggests further regulation by trans-acting factors, as demonstrated here with chenodeoxycholic acid-altering expression in the reporter gene assays.
These results emphasized the importance of considering the combined effects of both rs9297994 and rs3808607 (2-SNP model); however, varying allele frequencies and LD between them contradict the assessment of which alleles are paired with each other on the same DNA strand in different ethnic groups. To simplify, we tested the effect of the number of reduced activity alleles carried by any given individual, without considering their phasing and effect sizes. This approach is supported by reporter gene assays showing decreased transcriptional activity with an increasing number of reduced activity alleles ( Figure 2D ) and further by a robust relationship between the total number of reduced activity alleles and CYP7A1 mRNA expression in human livers ( Figure 3D ). Therefore, we used the number of reduced activity alleles to assess clinical associations. While we divided subjects into those carrying 0 to 1 and ≥2 reduced activity alleles for clinical association analysis (2-SNP model), we pointed out the dramatic differences in hepatic CYP7A1 mRNA levels in the small donor groups with 0 and 3 reduced activity alleles (2.5 orders of magnitude; Figure 3D ). Owing to their lower frequency, larger clinical cohorts are required for further study.
Clinical Associations
Testing the effects of rs3808607 and rs9297994 either exclusively or in combination, we find that the 2-SNP model reveals significant associations with lipid levels, statin response, CAD, and diabetes mellitus risks (Tables 1  and 2 ), whereas the impact of either SNP is masked by the other, opposing it in most subjects. These conditions have resulted in failure to detect robust clinical associations or yielding conflict results. 7, 8, 19 Several SNPs identified in GWAS (Table I in the Data Supplement) are either in high LD with the promoter SNP (eg, rs8192870 and rs16923500) or with the enhancer SNP (eg, rs2081687, rs4738684, and rs6471717). The minor G allele of rs3808607 is slightly more frequent than the minor G allele of rs9297994 in a European population (0.43 versus 0.37), with drastically different frequencies in blacks (rs3808607 MAF, 0.61; rs9297994 MAF, 0.035). This suggests that blacks tend to have higher CYP7A1 activity than Europeans do. However, we cannot rule out additional regulatory variants in blacks because the studied liver samples are mostly from European donors. This possibility is supported by the AEI result, where a strong AEI in 2 samples from black donors cannot be accounted for by the rs3808607 or rs9297994 genotype ( Figure 3A) .
Our results indicated that a high-activity CYP7A1 status is associated with reduced total cholesterol and LDL, reduced risk of a significant CADINDEX score, and reduced risk of MI, consistent with CYP7A1's key role in cholesterol clearance and a positive relationship between lipid level and CAD risk. Previously reported associations between CYP7A1 SNPs and lipid levels show small effect sizes, detectable only with large cohorts (7000-100 000), 2, 3, 34 and no significant association was detect-able between CYP7A1 SNPs and risk of CAD traits (eg, vascular disease and MI) or with diabetes mellitus, even in GWAS with >100 000 participants. 34 In contrast, use of the 2-SNP model reveals robust effects on total cholesterol and LDL levels with sample size <400 subjects. Moreover, we reported associations between high-activity CYP7A1 status and reduced risk of coronary artery disease (CADINDEX) and MI in CATHGEN and Framingham, consistent with the effect on lipid profiles, supporting robustness of the CYP7A1 2-SNP model.
These results also highlight limitations of GWAS in detecting the impact of >1 causative variant per gene locus on complex diseases, such as CAD. Although the associations with CAD and MI reported here are supported by mechanistic studies on the genetics and underlying biology, further replications are needed to test the validity and clinical utility of the CYP7A1 2-SNP markers, including study of extreme high-and low-activity CYP7A1 carriers.
In further analyses of a CAD patient cohort maintained at OSU, 26 we find that a high-activity CYP7A1 status was associated with reduced likelihood to reach an optimal cholesterol goal targeted with a titrating statin dosage regimen (Table 1 ). This result reinforces previous studies showing the high-activity rs3808607 G allele to be associated with lower statin-induced LDL reduction than the A allele. [8] [9] [10] 35 The mechanism underlying this effect is unknown. Nevertheless, this result suggests that the more robust 2-SNP CYP7A1 activity status can be considered as a biomarker for statin therapy, predicting the efficacy of statin responses and guiding the selection of lipid-lowering drugs.
In addition to a potential protective effect against CAD, a high-activity CYP7A1 status defined by the 2-SNP model is associated with increased risk of type 2 diabetes mellitus (T2DM) in CATHGEN, consistent with GWAS results showing that SNPs affecting lipid traits inversely affect risk of T2DM. 34 With CYP7A1 being a key enzyme in bile acid synthesis, we considered whether the link between CYP7A1 and risk of T2DM arose from bile acid activity. Bile acids activate insulin signaling pathways, thereby regulating lipid, glucose, and energy metabolism. 1 However, excess bile acid, especially hydrophobic secondary bile acids synthesized by gut bacteria (eg, deoxycholic acid), is highly toxic to mammalian cells, causing insulin resistance. 36 In support of this hypothesis, CYP7A1 knockout mice are protected against high-fat/high-cholesterol diet-induced metabolic disorders and have improved glucose sensitivity. 37 Moreover, deoxycholic acid blood levels are associated with incidence of T2DM, 5 while a population study reported higher bile acid levels in insulin-resistant individuals regardless of diabetes mellitus status. 38 Hypercholesterolemia is an early and strong predictor for hypertension. However, we found that high-activity CYP7A1 status was associated with increased risk of hypertension after adjusting for hypercholesterolemia and other covariates in CATHGEN (Table 2 ). This result indicated factors other than dyslipidemia are involved in hypertension and suggests a possible link between bile acids and hypertension. However, this result was inconsistent with a previous report showing the promoter rs3808607 T allele (reduced activity) is associated with higher blood pressure. 13 Therefore, the association between CYP7A1 activity and hypertension requires further study.
There are several limitations in our clinical association study. First, lipid levels in the OSU CAD cohort were obtained at the time of enrollment before treatment was initiated at OSU, but lipid-lowering therapy before enrollment is uncertain in some cases, potentially confusing the results. Second, the sample size of the statin response cohort is small, requiring replication in larger cohorts. Nevertheless, our results are consistent with other studies. [8] [9] [10] Similarly, the CAD trait and T2DM associations require replication, even while supported by a strong mechanistic basis and suggestive previous data. Lastly, the enhancer SNP rs9297994 was not directly genotyped in CATHGEN, while the surrogate marker rs10504255 is in high, but not complete LD in all CATHGEN populations, slightly contradictory assessment of rs9297994.
Thus, we have identified enhancer and repressor regions of CYP7A1 and a novel enhancer variant, rs9297994, which robustly reduces CYP7A1 mRNA expression. Together with the previously identified promoter SNP rs3808607, a 2-SNP combination reveals significant associations with clinical phenotypes. Separated by ≈20 kb, the low-expression CYP7A1 enhancer SNP rs9297994 G allele is in high LD with the high expression promoter rs3808607 G allele, balancing the expression level of CYP7A1. Balancing genetic effects on CYP7A1 expression is likely under evolutionary pressure because both high and low CYP7A1 activity are associated with increased disease risk.
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